We studied development of wings of Leschenault's rousette, Rousettus leschenaulti. Wingspan and wing area grows linearly until 45 days of age. Young bats begin to flutter at 45 days, manage sustained flight at 60 days, and achieve independent foraging flight at 75 days. Aspect ratio varies until 15 days, and adult proportions are attained at 2 months. Wing loading decreases linearly until 50 days and thereafter increases slowly, possibly because of completion of growth of wing area. Wingspan growth fits a logistic model, whereas wing area growth fits a Gompertz model. Minimum predicted flight power (P mp ) and maximum range power (P mr ) begin to increase linearly after remaining relatively constant for 30 days. At 150 days both are nearly equal to 65% of the power requirements of postpartum females. The predicted minimum power speed (V mp ), maximum range speed (V mr ), and minimum theoretical radius of a banked turn (r min ) decrease for 40 days, thereafter increase linearly, and at 150 days all are close to 90% of the respective values of the postpartum females.
Studies on wing morphology and development of flight in bats are valuable in understanding foraging strategies. The structure and shape of wings of flying animals influence flight performance and energetics and limit foraging distances (Norberg 1981) . Flight morphology and foraging ecology of bats have a direct relationship (McKenzie et al. 1995; Rhodes 2002) . In microchiropteran bats, ontogeny of flight correlates with development of echolocation (Brown et al. 1983; Buchler 1980; Rother and Schmidt 1985; Rübsamen 1987) . Development of vocalizations and high-frequency sounds and motherinfant relations are also associated with development of flight (Barclay et al. 1979; Brown et al. 1983; Gelf and McCracken 1986; Habersetzer and Marimuthu 1986; Jones et al. 1991) .
Reports on development of wing morphology and flight behavior are available for a few species of microchiropteran bats such as Myotis lucifugus (Buchler 1980) , Rhinolophus ferrumequinum (Hughes et al. 1989) , Artibeus jamaicensis (Taft and Handley 1991) , Pipistrellus pipistrellus (Hughes et al. 1995) , Kerivoula (¼ Phoniscus papuensis-Rhodes 1995), Phyllostomus hastatus (Stern et al. 1997) , and Pipistrellus mimus (Isaac and Marimuthu 1997) . Other investigations illustrate flight behavior, wing morphology, muscle biochemistry, and flight physiology of bats (Carpenter 1985; Powers et al. 1991) . Wing loading correlates well with body mass, and wing dimensions are useful to predict foraging habits (Norberg 1990; Norberg and Rayner 1987) and habitats (Kalcounis and Brigham 1995) of bats. Changes in body mass may dramatically affect flight capability. Increases in body mass and wing loading result in decreases in flight speed and maneuverability (Aldridge 1987; Aldridge and Brigham 1988; Norberg and Rayner 1987) and an increase in energy cost . Although most previous studies have dealt with microchiropteran bats, our study examines a representative megachiropteran to provide comparative data.
We studied postnatal changes in wing morphology and development of flight in Leschenault's rousette, Rousettus leschenaulti, under captive conditions. We used nonlinear growth equations to describe a best-fit growth model on the postnatal growth pattern. We observed the behavior of young bats at different stages of flight development and applied aerodynamic flight models (Norberg 1990; Norberg and Rayner 1987; Pennycuick 1989) to predict the effect of wing morphology on theoretical flight performance. R. leschenaulti is a plant-visiting bat that occurs throughout India and most of southeastern Asia. It lives in caves, deserted buildings, temples, and unused tunnels (Bates and Harrison 1997; Chandrashekaran and Marimuthu 1994; Sreenivasan and Bhat 1974 (Elangovan et al. 2002) .
MATERIALS AND METHODS
We conducted this study between November 1999 and August 2000. Nine pregnant females of R. leschenaulti were collected from a day roost in a temple at Tiruparankundram, about 15 km south of Madurai Kamaraj University in Madurai, Tamil Nadu, India. The bats were kept in a flight chamber (3.5 Â 2.4 Â 3.5 m high) under 12L:12D cycles. We fed them with locally available fruits (guava, banana, papaya, sapota, and manila tamarind) during dark periods. Excess food and debris were removed daily. For individual recognition, we marked the bats with thin aluminum neck collars (laboratory made) containing different-colored reflective tapes.
Because newborn young were delicate, we did not handle them. We measured morphological parameters, including body mass (g), wingspan (cm), and wing area (cm 2 ), between 5 and 150 days of age at 5-day intervals. Beginning on the day of parturition, we observed bats twice a day to study their behavior. To measure wing area we placed a young bat on its ventral side over a black sheet, extended the right wing with the leading edge perpendicular to the body axis, and traced the wing outline. The tracings were used to calculate wing area using a leaf-area meter (Area Meter AM100, Analytical Development Company Ltd, Herts, United Kingdom). Wingspan was measured as 2 times the distance from the body axis to the wing tip. Aspect ratio was calculated by dividing the square of the wingspan by wing area. We calculated wing loading (Nm
À2
) by multiplying body mass by the value of acceleration due to gravity (9.8) and dividing the product by the wing area. Body mass was measured to the nearest 0.1 g using a spring balance (Avinet, Dryden, New York).
Flight tests were conducted every 5 days on young bats aged 20-75 days. A foam pad (2 Â 1.85 m, 3 cm thick) was placed on the floor of a chamber (14 Â 1.85 m, 3.5 m high) to cushion the fall of the young. Young bats were allowed to hang freely by their hind feet on the flight-launching apparatus (1.5 m height). Bats reluctant to fly were encouraged with a gentle swing. The distance traveled by each individual was measured. Each bat was tested at least 3 times, and the best performance was recorded. Their flight abilities were categorized as follows: Flop (stage I)-bat dropped to the floor exhibiting no flapping behavior and no horizontal displacement; Flutter (stage II)-bat exhibited wing flapping without achieving horizontal displacement; Flap (stage III)-bat showed wing flapping and landed a short distance away; and Fly (stage IV)-bat showed sustained flight in circles around the chamber and landed on a wall (Powers et al. 1991) . After finishing the experiments we removed the tags and released all the mothers with their 155-day-old young after sunset at the site of capture.
Three nonlinear growth models (logistic, Gompertz, and von Bertalanffy) were fitted with mean values of wingspan and wing area, and the growth patterns were compared using the Pisces (1998) software Simply Growth 1.7 (Pisces Conservation Ltd, Lymington, United Kingdom). Goodness of fit was taken as inversely related to sum of squares of the models after checking systematic deviations (Boyd and Myhill 1987; Hughes et al. 1995; Kunz and Robson 1995; McLean and Speakman 2000; Swift 2001; Zullinger et al. 1984) .
Theoretical flight performance was predicted using aerodynamic models (Norberg and Rayner 1987; Pennycuick 1989) . We estimated mechanical power (P mp and P mr ) output of flight as follows: where V mp represents speed at which power for flight was minimized and V mr indicates distance traveled for a given amount of energy maximized (Pennycuick 1975) . Minimum theoretical radius of a banked turn (r min ) was calculated using the model of Norberg (1990) as follows:
where (Mg/S) is wing loading, p is air density (kg m À3 ), and C L is a nondimensional lift coefficient. Values are expressed as mean 6 SD throughout the text.
RESULTS
First parturition occurred 6 days after releasing adult female bats into the free-flight room, and the parturition period extended over 17 days. Each female gave birth to a single young. Among the 9 young born in captivity, 3 died as neonates, and 1 died at 9 days of age. The remaining 5 young survived through the end of the study. At birth, the altricial young positioned themselves firmly on the ventral side of their mothers. The wingspan and wing area grew linearly, as did the proximal (arm wing) and distal (hand wing) portions of the wing until 45 days and thereafter stabilized (Table 1 ; Fig. 1 ). In flight tests, young bats did not attempt to fly until 30 days of age. At 35 days they fell vertically to the floor at 8.8 6 4.78 cm and at 40 days 32.5 6 25.35 cm without performing wing beats (flop). The young fluttered slantingly to a distance of 295 6 158 cm at the age of 45 days. They flew reasonably well at 50 days and landed on the wall by covering horizontally a distance of 883 6 171 cm (flap). At 55 days juveniles made a few circling flights, and at 60 days they achieved sustained flight, similar to flight of adults.
Aspect ratio increased linearly through 15 days of age with considerable variability and stabilized after 2 months by attaining 99.8% of the mean value of postpartum females (Fig. 2a) . Wing loading of 5-day-old young was 20.9 6 2.59 Nm À2 . It decreased linearly to 12.4 6 1.40 Nm À2 at 50 days, which coincided with the attainment of clumsy flight. Wing loading increased slowly but steadily to 17.5 6 0.92 Nm À2 (82.4% of mean value of postpartum females) at 150 days (Fig. 2b) . Growth of the wing membranes was relatively rapid until 60 days, when the juveniles achieved sustained flight, and growth essentially was complete based on wing tracings from a single female R. leschenaulti during her development (Fig. 3) .
We used 3 nonlinear growth models to describe changes in wing parameters during growth of R. leschenaulti (Table 2) . Curves derived from the 3 models for wingspan were similar in shape, and the correlation coefficient of predicted values of the models was 0.998. The logistic equation appeared to be the most appropriate model on the basis of statistical criteria describing postnatal changes in wingspan of R. leschenaulti (Fig. 1a) . The coefficient of variation for the estimate of wingspan growth was consistently less when derived from the logistic (0.84) than Gompertz (0.96) and von Bertalanffy (1.13) models.
Wingspan ðtÞ ¼ 49:56½e À0:0632ðtÀ10:702Þ þ 1
À1
where e is 2.71 and t is time in days. The predicted values for wing area of the 3 nonlinear growth models had a correlation coefficient of 0.995. However, based on the statistical criteria, the Gompertz equation was the best fit to express the postnatal changes in the wing area (Fig. 1b) where e is 2.71 and t is time in days.
The sum of squares was lower for Gompertz (153,395.0) than von Bertalanffy (156,639.7) and logistic (160,031.7) equations. Coefficient of variation for the estimate of growth parameters was consistently less when derived from the Gompertz model (1.094) compared to logistic (1.336) and von Bertalanffy (2.121) models.
Predicted mechanical power (P mp and P mr ) remained constant until 30 days of age. Minimum predicted flight power (P mp ; Fig. 4a ) and maximum range power (P mr ; Fig. 4b ) of 30-day-old young was 0.44 6 0.038 W and 0.54 6 0.045 W, respectively. Thereafter, both P mp and P mr increased linearly. At the age of 150 days they approached 1.26 6 0.09 W and 1.51 6 0.11 W, equivalent to 64.95% and 65.16%, respectively, of the power requirements of postpartum females. The predicted minimum power speed (V mp ) and maximum range speed (V mr ) decreased until 40 days of age. The predicted flight speeds V mp (Fig. 4c ) and V mr (Fig. 4d ) of 40-day-old young were 1.91 6 0.091 ms À1 and 2.57 6 0.124 ms À1 , respectively. After 40 days both V mp and V mr increased linearly, and at the age of 150 days they approached 2.26 6 0.050 ms À1 and 3.04 6 0.068 ms À1 , equivalent to 93.30% and 93.37%, respectively, of the speed of postpartum females. The minimum theoretical radius of a banked turn (r min ) decreased until 40 days of age to a minimum of 0.50 6 0.077 m and then remained stable until 50 days (Fig. 5) . Afterward, the r min increased linearly and attained 0.70 6 0.037 m at the age of 150 days, which was equivalent to 86.95% of postpartum females.
DISCUSSION
As with most microchiropteran species (Kurta and Kunz 1987) , R. leschenaulti is altricial at birth (Elangovan et al. 2002) . Because bat wings are underdeveloped at early stages of life, they require a few weeks to attain flight. Young R. leschenaulti became volant at the age of 6 weeks, suggesting that their wing membranes at this stage have developed adequately to sustain flight. The hand wing of R. leschenaulti is not completely formed compared to the relatively well developed arm wing at birth, similar to other bat species (Hughes et al. 1989; Isaac and Marimuthu 1997; Powers et al. 1991; Taft and Handley 1991) . Even though the hand wing grew relatively faster, it was still shorter than the arm wing at the completion of postnatal development. Since the hand wing is necessary to produce thrust during the downstroke, its rapid growth at the time of initiation of flight is expected (Norberg 1976; Norberg and Rayner 1987; Powers et al. 1991) . However, wings of bats permit little flexure or folding of the hand wing without serious loss or lift. According to Norberg and Rayner (1987:356) , ''flexure can be greatest (retardation least) with relatively long armwings or short handwings.'' Hence, in fast-flying bats like R. leschenaulti, the tip length ratio is ,1 (Norberg and Rayner 1987) .
The higher quantitative increase of growth of wing area compared to body mass explains the linear decrease of wing loading until 50 days. At later stages when quantitative growth of body mass increased, growth of the wing area stabilized, which caused an increase in wing loading and subsequently converged to the adult value after 5 months. In addition, flight À6.42 -À1.88 -muscles are less developed at birth. The wet mass and crosssectional fiber area of flight muscles of Myotis lucifugus reach the adult level when the young begin to fly (Powers et al. 1991) . Stern et al. (1997) and McLean and Speakman (2000) suggested that such differential development of wings, body mass, and flight muscles may facilitate learning the art of flight. Several microchiropterans exhibit similar patterns in the changes of wing loading (Davis 1969; DeFanis and Jones 1995; Hughes et al. 1989; Jones 1967; McLean and Speakman 2000; Powers et al. 1991; Stern et al. 1997) . The predicted flight performance and mechanical costs of R. leschenaulti are supported by the attainment of minimal wing loading at the age of 40-50 days through a linear decrease from birth. This pattern places 40-50-day-old R. leschenaulti in an advantageous position whereby they require much less power to operate their flight apparatus. Later in their development, when body mass and wing loading increases, the predicted mechanical power, flight speed, and turning radius also increase. This presumably allows bats to execute skilled flights with greater agility (McLean and Speakman 2000) . Aspect ratio generally is considered an indication of efficiency of a wing (Norberg 1990; Norberg and Rayner 1987) . Aspect ratio is not constrained before the young bat flies, allowing considerable variability. Once flying age is reached, young bats that stayed back in the day roost practiced their flights at night (Bradbury 1977) . The young of a few species of bat accompany their mothers at least during their initial foraging flights (Bateman and Vaughan 1974; Brigham and Brigham 1989; Vaughan and Vaughan 1987) . Such early exercise may lead to further changes in the wing parameters, resulting in the conformation of the aspect ratio to that of adults. Similar changes in aspect ratio occur in several species of bats (Hughes et al. 1989; Isaac and Marimuthu 1997; O'Farrell and Studier 1973; Powers et al. 1991; Yokoyama et al. 1975) .
Our analysis based on the 3 nonlinear models showed that the logistic model best described the growth pattern of the wingspan of R. leschenaulti. Growth of the wing area did not stabilize like that of wingspan and thus better fit another model, Gompertz. Usually the logistic model best describes growth of forearm length of different species of bats such as Pipistrellus pipistrellus (Boyd and Myhill 1987; Hughes et al. 1995) , Plecotus auritus (DeFanis and Jones 1995; McLean and Speakman 2000) , Tadarida brasiliensis (Kunz and Robson 1995) , and Cynopterus sphinx (Elangovan et al. 2003) . In contrast, growth of body mass varies among the 3 models not only between different species but also within the same species of bats. For example, Kunz and Stern (1995) preferred the logistic model to analyze postnatal growth in body mass of 33 species. The logistic (Boyd and Myhill 1987) as well as Gompertz models (Hughes et al. 1995) best fit with growth of body mass of P. pipistrellus. In P. auritus, both logistic (DeFanis and Jones 1995) and von Bertalanffy (McLean and Speakman 2000) models work best to describe growth of body mass. Even though these models are useful to compare between different species, such studies would be more comparable if based on the same model (Zullinger et al. 1984) .
Juveniles of several species of microchiropteran bats typically start to fly when they attain 70% of adult body mass and over 95% of adult skeletal size (Barclay 1995) . However, our previous study (Elangovan et al. 2002) showed that young R. leschenaulti began to fly at about 45% of adult body mass and nearly 77% of adult skeletal size. This observation substantiates the earlier report that megachiropterans are more advanced than microchiropterans in the pace of development (Orr 1970) . Detailed studies on wing adaptations in context with flight performance and foraging strategy of R. leschenaulti and other pteropodids are necessary to compare with several such studies that have been done on microchiropterans (see Norberg and Rayner 1987) .
